A new photoelectrode composed of Sb6O13 nanoparticles with the size of 20-30 nm has been prepared via thermolysis of a colloidal antimony pentoxide tetrahydrate (Sb2O5·4H2O) suspension. The Sb6O13 electrode showed good semiconducting properties applicable to dye-sensitized solar cells (DSSCs); the energy band gap was estimated to be 3.05 ± 0.5 eV and the position of conduction band edge was close to those of TiO2 and ZnO. The DSSC assembled with the Sb6O13 photoelectrode and a conventional ruthenium-dye (N719) exhibited the overall photo-current conversion efficiency of 0.74% (Voc = 0.76 V, Jsc = 1.99 mAcm −2 , fill factor = 0.49) under AM 1.5, 100 mWcm −2 illumination.
Introduction
Dye-sensitized solar cells (DSSCs) have been attracting extensive interests owing to its high light-to-electrical energy conversion efficiency, simple fabrication process and low production cost. 1 The DSSCs are based on the dye sensitization of wide band gap semiconductors used in the form of porous nanocrystalline films. Energy conversion is achieved by injection of electrons from the photoexcited state of the sensitizer dye into the conduction band of the semiconductor. Thus the semiconductor electrode should have an appropriate band structure matching with sensitizer, large surface area and long-term stability. Many researches have been carried out to explore effective electrode materials for the application in DSSCs so far, based on simple binary oxides such as TiO 2 , 1-5 ZnO, [6] [7] [8] [9] SnO 2 , 10,11 Fe 2 O 3 , 12 Nb 2 O 5 , 13, 14 and CdO. 15 Recently such an effort has been extended to the more complex compounds including SrTiO 3 13 and Zn 2 SnO 4 . 16 Here we investigate the possibility of using antimony oxide as a new electrode material for DSSC. To the best of our knowledge, fabrication and photovoltaic property of antimony oxides-based DSSC have not been reported yet.
Antimony oxide system shows diversity in composition and structure due to the coexistence of both Sb 3+ and Sb 5+ ions in the oxides with different stoichiometries and the inclusion of water molecules into the lattice forming hydrated oxides. Pentavalent Sb 5+ ion can be stabilized most commonly in the hydrated form, Sb 2 O 5 ·nH 2 O (n~4). According to previous literatures, 17 
Experimental
Preparation of Hydrated Antimony Pentoxide Nanoparticles. The procedures for the synthesis of Sb 2 O 5 ·4H 2 O nanoparticles were described in the literature elsewhere. 19 Typically, 10 g of antimony trioxide (Aldrich, particle size < 250 nm) and 1.0 g of poly(vinyl alcohol) were poured in 50 mL of deionized water, and then 10 mL of 30% hydrogen peroxide solution was added dropwise to the mixture with stirring. The mixture was heated up to 90°C and maintained for 3 h. In the heating step, the mixture became a transparent pale yellow solution for a while and finally turned into a white colloidal suspension. After freeze-drying the suspension, hydrated antimony pentoxide (Sb 2 O 5 ·4H 2 O) powders were obtained.
Solar Cell Assembly. An aqueous slurry was prepared by mixing 0.3 g of Sb 2 O 5 ·4H 2 O, 5 mL of H 2 O and 0.5 mL Triton X-100 (Aldrich). The pastes were deposited onto F-doped SnO 2 (FTO) glass supports (8 Ω/sq, Dyesol Ltd.) using a spin coater and subsequently heated for 1 h at temperature range of 450-600 o C under air. The thickness of the resultant film was measured with a surface profiler (Tencor, P-10). Dye adsorption was carried out by immersing the antimony oxide electrodes in a 0.3 mM ethanolic solution of the conventional ruthenium dye, cis-bis (isothiocyanato)bis-(2,20-bipyridyl-4,40-dicar-boxylato)-ruthenium(II)bis-tetrabutylammonium (N719, Solaronix), for 24 h at room temperature. Pt counter electrodes were prepared by spreading a drop of 5 mM hydrogen hexachloroplatinate(IV) hydrate solution on FTO glass and heating it at 550 o C for 1 h. The Pt electrode was placed over the dye-coated electrode, and the edges of the cell were sealed with thermoplastic polymer films of 65 μm thick. Sealing was finished by pressing the two electrodes at a temperature of 130 o C for 8 min. The space between two electrodes was filled with electrolyte (0.1 M of LiI, 0.05 M of I 2 , 0.6 M of 1-butyl-3methylimidazolium iodide and 0.5M of t-butylpridine in 3methoxy propionitrile).
Characterization. The powder product was characterized by transmission electron microscope (TEM) measurements (Tecnai G2 F30 S-Twin). The film morphology was investigated by a field-emission scanning electron microscope (FE-SEM) (JEOL, JSM-6700F). X-ray diffraction (XRD) data were collected using an X-ray diffractometer (Rigaku, DMAX-2200PC) with Cu K α radiation. The flat band potential was investigated by voltammetry using a potentiostat (Pine, AFCBP1). 20 In the voltammetry process, a nanoparticles-coated FTO glass was used as the working electrode. A Pt wire and a Ag/AgCl electrode were used as the counter and reference electrodes, respectively. 0.1 M KCl aqueous solution was used as the supporting electrolyte (pH = 6.5). UV-vis diffuse reflectance data were collected in the range of 200-800 nm with a double beam Shimadzu UV-2400PC at room temperature. The data were transformed into absorbance with the Kubelka-Munk function. 21 The photoelectrochemical properties of the prepared dye-sensitized solar cell were measured by using a computer-controlled digital source meter (EG & G, Potentiostat/Galvanostat Model 273A) and a solar simulator (AM 1.5, 100 mWcm −2 , Oriel) as a light source. To estimate the dye adsorbed amount on the oxide films, the sensitized electrode was separately immersed into a 0.1 M NaOH solution in a mixed solvent (water:ethanol = 1:1), which resulted in the desorption of N719. The absorbance of the resulting solution was measured by a UV-vis spectrophotometer.
Results and Discussion
The XRD patterns of Figure 1(a . In order to confirm the thermal behavior of Sb 2 O 5 ·4H 2 O precursor, thermogravimetric analysis was carried out. As shown in Figure 1(b) , the sample underwent stepwise decomposition. The weight loss below the temperature of 150°C is due to the adsorbed water in precursor powder. The second weight loss, which occurred in the temperature range of 150-450 °C is associated with the liberation of water and oxygen molecules from Sb 2 O 5 ·4H 2 O lattices and also with the decomposition and the combustion of organic surfactant. Sb 6 O 13 phase started to form above 450 o C and showed a good thermal stability up to 820 o C. Additional weight loss, which occurred in the temperature range of 820-860 o C, is ascribed to the further reduction of Sb6O13 to Sb2O4. Figure 2 The optical absorption spectrum of Sb 6 O 13 , which was obtained from the diffuse reflectance spectrum by using the Kubelka-Munk method, 21 is shown in Figure 3(a) . The spectra of TiO 2 and ZnO, the most common electrode materials for DSSCs, are also presented for comparison. Band gaps were determined by the following dependence: 23 
Here F(R), K, E, and E g are Kubelka-Munk function, proportionality constant, incident photon energy, and band gap, respectively. In the equation, η decides the characteristics of the transition in a semiconductor (η = 1/2 for direct transition; η = 2 for indirect transition). 24 Assuming that TiO 2 and Sb 6 O 13 are of indirect gaps and ZnO is of direct gap, 25, 26 the E g 's are determined to be 3.25 ± 0.05 eV for TiO 2 , 3.05 ± 0.5 eV for Sb 6 O 13 and 3.30 ± 0.05 eV for ZnO. In order to estimate the relative positions of conduction band, voltammogram of Sb 6 O 13 is compared with those of references such as TiO 2 and ZnO. The TiO 2 and ZnO thin film electrodes were prepared by heat treatment of appropriate precursors at 600 o C. Figure 3(b) shows the current-voltage characteristics for the thin film electrodes at pH 6.5. The steady-state cathodic current was increased with applying cathodic potential and the onset potential can be treated as a measure of the flat band potential of the semiconductor. For TiO 2 electrode, the cathodic current starts to flow at −0.25 V versus Ag/AgCl, whereas the current starts to flow at a lower potential (−0.48 V versus Ag/AgCl) for ZnO electrode. The flat band potentials for TiO 2 and ZnO electrodes are well consistent with those observed in literature. 20 The onset potential of Sb 6 O 13 was found around in −0.36 V which is between those of TiO 2 and ZnO. Such aspect indicates that the conduction band edge potential of Sb 6 O 13 is more negative toward the vacuum level than that of ZnO but less negative than TiO 2 . From the energy band gaps and the band potentials determined here, the energy band diagram of Sb 6 O 13 is schematically represented as Figure 3 (c).
The J-V measurements of DSSCs with Sb 6 O 13 thin film photoelectrodes prepared under different temperatures were carried out. For the fabrication of the DSSCs, N719 dye was adsorbed on the Sb 6 O 13 thin films with the thickness of 1.0 ± 0.1 μm. The photoelectrodes were assembled with platinized FTO glass counter electrodes and liquid electrolyte. In Figure 4 , an enhancement in photovoltaic performance is obviously detected for the electrode prepared at higher temperature: Under illumination (AM 1.5, 100 mW cm −2 ), the Sb 6 O 13 photoelectrode prepared at 600 o C gives a V oc of 0.76 V, a J sc of 1.99 mAcm −2 , a fill factor of 49%, and an efficiency of 0.74%. The increase in J sc along the preparation temperature may be due to a formation of better electric contact between nanoparticles at higher temperature. The V oc values of Sb 6 O 13 -based DSSCs are comparable to typical V oc values observed in TiO 2 or ZnO-based DSSCs, which is in agreement with the position of Sb 6 O 13 conduction band edge located in-between those of TiO 2 and ZnO. The lower efficiency for the Sb 6 O 13 -based DSSC compared to TiO 2 or ZnO-based ones may be attributed to the low lightharvesting capability due to insufficient dye adsorption. The amount of dye loaded on the Sb 6 O 13 electrode (~6 × 10 9 mol cm 2 ), estimated from the dye-desorption experiment, was about one-tenth of the reported values for typical TiO 2 or ZnO-based DSSCs. [1] [2] [3] [4] [5] [6] [7] [8] [9] The attempt to enhance the efficiency by increasing the thickness of Sb 6 O 13 was not successful, implying that the electron mobility in Sb 6 O 13 electrode is very low. The relatively poor transport ability of Sb 6 O 13 may be resulted from low density of state, indicated by the less stiff slope of absorption edge on the UV spectrum.
Conclusion
We have synthesized the nanocrystalline Sb 6 O 13 films using Sb 2 O 5 ·4H 2 O colloidal precursor. The Sb 6 O 13 phase were formed when the Sb 2 O 5 ·4H 2 O precursor was heated above 450 o C. A higher calcination temperature resulted in the higher V oc and J sc of the Sb 6 O 13 cell. Although the overall efficiency is still low, the high V oc reaching 0.8 V observed in the ruthenium dye (N7190) sensitized Sb 6 O 13 cell shows a possibility of using the antimony oxide as a photoelectrode material for DSSCs. Further studies on alternative dyes and surface modification of the Sb 6 O 13 electrode may lead to improved photovoltaic performance.
